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ABSTRACT

S e l f  cwrsislcrr[ circuit analog lhcmd m o d e l s  th:ll can k r u n  In cornmcrciul
sprcwkhccl  progrums  on pcrsomrl cornputcm ha\c been cl cotcd k> calculate [hc c(soldmvn
and slcady slalc pcrfornmrwc  of cr)’ogcn c(xkd Dcwars. The rnodcls indudc  tcrnpcraturc
dcpcrrcicn[ conduction and radiation cflcck.  The outputs of [hc rmx}cls prolride [cmpcroturc
dis[ributimr and Dcwar performance inlormirlion. These models have been used to wmly~c
Ihc SIRTF TCICSCOFK Test Facility (ST’W). T hc facility hm been broughl  on Iirrc Ior its
first user, the Infrared Tclcscopc  Tcchrrology Tcsbxl ([’[”IT), for the Spocc lrrkrrcd
Tclcscopc  Facility (SIRTF) a{ JPL. The rrmdcl algorithm as well ~~ is c(mlpwis(m  bct\vccn
the mrxfcls’ predictions and Wrrat  pcrfwrmrrrcc  of [his fact lily \vill bc prcscrtkd.

INTRODUCTION

The current cconmnic ditniilc  dimles that the dcsigrrcd pcr(ormarrcc of Iargc scale
cryogenic sys[cms bc lradcd off agdinsl cosl 10 rninimi~c lhc rcsourccs  ncccwsary  10 cIcvclop
lhc systcm w’hilt still mcclirrg the lcchnical  rcquircmcnts.  In keeping Ivith NASA’s desire
to simplify and rcducc the cost of Iligh[ opcrz(ions,  the Jc[ Proprr]si(m 1 ~iborakwy  (-IP1.)
urrdcr[ook [hc task of ir quick dcvcloprncnt,  low COS1 fircll ily for [tic c)plicd intcrfcromctric
[c-sting of mirrors of diwnclcrs  1 m, f s6, a[ hmpcrwuws  from 300105 K. “Jhc project
ws constrained by on alloca[iorr of onc year in which k) cmnplctc  the design, fabricir[i(m,
and op[ical qualification ICSI, wiih funding conm)cnsuratc  Ivith the alloucd schcdulc.

In order 10 meet lhcsc design challcngcs,  self consis[cn[ circuit ilnd~g  Ihcrrnal rnodcls
[hut could bc run in a cmnrncrcial  sprcidshcct  progrilm  on a personal cwnputcr  \vcrc
dc$’eloped 10 calcLIldc [hc coddou’n  and slcady SMC pwformancc  of cryogen coded
Dcwrr  dcsi.gns.  These rncdcls were used to idcnlify design aspccls  \vhcrc [hc rcsourccs
rrcccssa~  M d e v e l o p  Ihc s) ’stem could bc nlinirni?.cd \vhilc siill mcc[ing (hc tcchrricid
rcquircmcnts.
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h40DE1. DESCRIPTIONS

Steady State Model

T h e  cquo[ions for onc dirncnsiorral conducliw  find rmhutive hc~t tr:ins[cr across  nn
wca A,

and

Q = E ‘~s}j A (7’; - T;)

(1)

cw] be wri((cn in terms O( clt’cctifc  (hcrrnal rcsistmccs  k

Q=~]&, (3)
Ivhcrc

AT= (1’2-1’ 1) (4)

T“hc cxmduc[if”c rcsislancc  is
(5)

-.
where  I is Ihc Icngth [i conductive segment and k is (IIC uvcragc ccrndu~’livily (i’ [hc
Scgmcnl

T2 (6)

T=
7

.(T) Jr /AT
1

The r;dia!i}c  rcsislwrcc is
~ AT (7)

K-
E us,]  A (“1’; - 1:)

A nclwwk  of’ condrrctil’c and rwlialivc heal wmsfcr  p,l[hs that nmdci an entire [hcrmul
syslcrn can [hen be stivcd  by trculing the syslcn! irs an clcc[rical rcslsi[~r nc[work

Q= R-l AT~]=R”l V (8)

Al[hough  the radiative ml conduc[if’e dwrnml rcs~slanccs tire highly lcmpcraturc
ctcpcndcnl, u SC]!’ consislcnl  slcady smlc soluliorr 10 lhc ci[cuil  analog Ihcrnml model can be
Ifwnd by executing lhc Iollo}virrg,  s[cps:

●  A n  inilial d i s t r i b u t i o n  O( tcn]pcralurcs at c:ich rcsis(or nc[w’(>rk node  poinl is
assrrmcd (con sislcnl  i{’ith the room Icmpcralllrc un~l cryogen tx)ill np winls).

l’rl,”~z, .,. , ,1’i,lJ, . . . ,1’N]
●  T h e  tcrnpcralurcs  at cwh  rcsislor  nclwwk m~ir p)int, ;ind (IIC knmvn thcrm~il

propcrlics of [hc link (con duclij’e or radial ii’c)  alc used IIJ c;dcui.llc lhc (lhcrmtd )
rcsislancc  of cilch link in the sys!crn nclwork.

r I’i 1-1 (9)

##&_
I 4’I  (Tj-T1)

“.(T) 0 I
1

Rl: ~ I’L-TI
lJ

‘ij ‘W A (’[’; - T;)

(10)

Q (Jsing Kirkof(’s rules, lhc (hcao  currcnl through cwh  rcsis[ivc clcmcnl is calcula[cd
(us ing  r[xxu tcmpcralurc  and lhc c r y o g e n huling  poin[s us lxlinls 0[ fixed
“~x>lcntial”).
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The calcula ted  hca[ currcn(s end thermal rcsiskmccs  arc USCLI  to calculLIlc a rvw
dis t r ibut ion  ot tcmpc[-aturcs at the rcslstor  nctwt)rk node poinis (uw ng r o o m
tcmpcr~hrrc and [hc cryogen boiling poink  as flxcd Iroints).

Tj .~’l = Rij*Qij
( 1 1 )

The sleps arc repeated with the systcm lcmpcrMLIIc Liistribulion LXLICUIMCLI in lhc
p r e v i o u s  slcp unlil Ihc hctil [low though each clcnlcnlcdcukrlcd h)’ lhc nclwrk
solution turd the hca[ kw though each element Cd(’UkllCd  fr(m~ thcrrnol properties
of [hcindividuisl  clcmcnt diffcrbs less thwr O.1%.

This scncs  of steps can bc implcn~&tcd  on a personal compulcr  within a sprcadshccl
program which can invert matnccs.  Tocidculate  the nclw(~rk  soluti[m tolhc twit  flow in
c:lchrcsis[i!rc  clcn~cnt, Kirkolf's  la!$'sarc uscdt(~~s'ritc am~ltrix Kofcclutllionsr l]lllliplying
thcclcmcntc rrrrcn(s.  Thenlatrix  Kcan Lwwriltcnas  lhrcc sub-mutriccs: KI, Kz and K 3 .
The matrix KI n] Lrl[iplicd bylhc}fccl(>r  (Jfclcmcn[  ctlrTen[s Qisascl [) fcqlluli[Jrls () ftill
thcrnutl paths bdwccn  r(x>m lcmpcra[urc and cr}’ogcn fixed points tind IS equal k~u sub
matrix Al’. The motrix K2 mrrllipliccl  bythc ~,ec((~r.()[ clcr]lcntcurrcn[s  is sclof cqrraliwrs
f(~roll cl()scd l(x~psk(\vccn  [ixcd~in(s \\i(t]in( hcrcsist(J1  nc(workandiscqud k)isnull
vcc[or O. I’hcmtikix  K3mul!iplicd  by thcvcc[o rofclcrncn[ currcnts  isll]csc[ {) fcqlloli~)ns
for the diffcrcncc  bctfvccn [hc sum of the curlcnts  going in(() each mrdc and the sum of Ihc
cLlmcnts<>Lll(Jlciicll node. ltisalsocqual to anull \’cct(Jr O.

Q12 Q12

II II“ ‘[HI Q’J=”[[N1IK] Qi j

6N Q N

Thcr]ctiv(jrk  s()luli(~n l()lllc  hc~lll(~fi' lll{)Llgh cachclctl]cnt  cunllIcn  kculculillcd  by
inwrtirrg the nmlri~ {Jfcql]~ili(lns[)bl:lincd from Kilkoff’s  Ia$vs K.

Q 1 2

II [1~ij = IKI-l  ‘~’

&
(13)
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Figure 2 1 ‘krui}  ‘Jcnl RC cilcuil model t’or 11x
nvcr.igc syslcm Icmpcralurc and Cl}ogcll twf load
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From lhc information ob~]incd with [hc steady sta(c model it is possible 10 crea[c a
l i m e  dcpcndcnl ctxidotvn  m o d e l  Ior lhc avemgc c(x)linf rak ot’ the entlrc systcm by
csccuting  the following steps:

● Create on cqu[valcn( resistor circuit model I’or the irvcmgc syslcrn kmpcra[urc  T
and cryogen bctsl kxrd Q (Fig. 1).

● The time dcpcndcrrt cooldown behavior cirn [hen k modeled wlih on RC circuil
obkrlnc(l by adding a capacilor  in parallel 10, and a switch in series M I[h, the [hcrrnol
rcsislwwc to [hc cryogen txi[h (Fig. 2).

The tivcmgc syskm  tcmpcm[urc is then given by

Tsystc[u  avg. = Tcv{,gc,,  + E (I + p CX[  I
-[/Rc, (14)

(15)

( 16)

R] ,R( , (17)——.—
R =  (RI, + R(:)

c = m Cp (18)

where  R[, A 1<{-  arc [he thcrmid load and c{mduction k) cr)ogcn  rcsis[tinccs, rcspccti}cly,
mrd m and Cp arc the mass and spccillc  heat of \hc c(xicd [wts 01 the sys[cm, rcspcclilcly.

‘[he hc;jl I(wI U) [hc cryogen is given by

Q=&(] + Pcv)-t’Rc)
(]())

l)ltWA1/  Slt?lJC’IllRE

Tbc STTF Dcwr has ii ver t ica l ly  oricnlcd inner cylindricirl [csl chirrnkr  Ivilh a
cliwnc[cr 011.4 m and an inlcrnal hcighl 01”2.3 m. The cIpcrin]cnl  moun[lng surlaccs,  (hc
rrppcr and Iowcr surfwcs  of the charnbcr, tire tbc cx[crhw surlwcs  01’ [w liquid hcliurn
lank. The upper liquid helium tank may bc positioned at tiny hcigh( within [hc cylirrdricul
Iv;dl of the Icsl cbambcr 10 fucilitatc the tcsling of optics with wrious  focal Icnglhs. T h e
cylindrical wall ol the test ctmrnbcr is wrduclivcly cooled by the lNW 3(X) Iilcr capacity
tanks. Surrounding lhc ICS] chtrmbcr is bell shaped aluminum mdititiorr  shield, I’his bell is
condtrclil’cly cooled (hrough a botlcd contact  joint with U 300 Iitcr capwily  liquid nilrogcn
[Link directly bclmv the helium c(x)lcd tcsl cbambcr. The wtcr vacuum shell of the hyilr
is corrslmclcd d’ an uluminum  dome lhitt nmkcs an O - Ring still with d skiinlcss SICCI
Iw’cr  sbcll surrounding lhc Imvcr cryogen tisrrks. S[ruc{uriil  isnd [hcrrntil scptrm[i[m
bclwccn the ou[cr vwuum shell, the ni(rogcn tank, find the Imvcr helium tank is prm idcd
by t i t a n i u m  slruls and u skrinlcss s t e e l  tcnsiordcmn prcssion syslcm ncccssw’y  fur
car(hquakc  wfc  opcrzrlion  of the fwilily  in soulhcrn Calif(mia.  The entire l>cw’tir  had [o k
designed 10 lvi[hsmnd l.0 g in the vcrticul irrrd 0.5 g in the hotimnlirl aIis wi[hout scri(m
hwirrd to hurnim safely. Optictil iIcccss is provklcd Ihrough  a window a[ (tic txmorn 01 the
Dcuw,  ui[h  uyogcnkidly  mold  bafllcs  wrd shut[crs i n  [hc apcr(ul-cs  thrfwgh [hc Iwcr
cryo,gcn  tanks. The Dcivar was fabricated through a purtrrcrirrg  animgcrncnt ~fith Jirnis
Rcscorch Company, Inc.

The ni[rogcn cwlcd bell shaped mditition shield and 1.N2 tank ~s’crc covcrcci  with
mulii L]ycr insulation (MI J) blankets thai were ccrnstrrrck.d  or kiycrs of aluminized mylirr
with sp~iccr matcriall.  The follm}ing cquatiorr~



(20)

was used [o model Lhc hca[ trunsfcr [hrough [hc MIJ  in W/m2 whcfc C : 8.85 x 1()8, N =
# I-aycrs/cm, anti n = # [-ayci-s. Tcn kiycr-s was chosen [O rncc[ [hc design Pcl-f{mntincc
rcquil”cmcnLs  wbilc minimizing fablicaii(m COSI and schcdulc. All c%[crltw helium wolcd
surl’aces (tank walls and shroud) Ivcrc cwcrcd wi[h a single Iaycr of al umlnizcd  mylar m
, -d is c [hc SU~’~CC  cnlisslvily3.
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COMPARISON TO SYSTEM  PERFORMANCE

“Initial cs!irwrtc rnodcls” urcrc run during [hc design phase 01 the pr[ljcc(, and “distn
cnhonccd  models” h~ivc been run subscqucrrt to the cyscrtilion of [hc Iacili(y, using ckrta
ob[~iincd  during the opwition  (o calculutc cffcc[ivc model lmramclcrs.  RCSLIIW  for bo[h SCK
(i rnodcls W2 prcscn[cd bclmv

I.iquid nitrogen cool down

Allcr  i]chicving a guard Jacuum of kltcr than 10 ‘1 I’(m in the Dcwar, the cool dmvn
OJ the STTF begins Iviih [hc introduction of liquid nitroycn into ;tll [hrcc cryogen lank
simulkmcously. C(x>l dwm  i s  achicvcd by first c(x)!ing t h e  tank walls adcquirtcly to
Kcurnulu[c liquid inside and [III ihc tanks, with the cotductivcly  CXX)ICLI  suI-fwcs then
rcl~ling  k) cquilibnurn  with a longer (irnc mrskm(. C(xd clown 10 slcdy slalc kxk dmrl
72 hours and required irppl’(mimtslcl y 30(X) ]ilcrs of liquid nilmgcn uhcn  lrwsfcl  l-ing tit an
avcriigc rate of 9 liters/hour in[[) each tank,
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Figurt  5 ‘1’cmpcmtmes  within lhc S1”ll; as a function time duri]lg rhc liquid  nirrogo]  cool ckm II

The nwdcl is consistcn[  w’ith the approach (o steady s[atc for [hc ni[logcn lank and
rwlia(lrrn shield. It is beyond the sc(pc  O( this simple model (O predict (hc 1.N2 prc-cm)l 01
(IIC [CSI chamber (helium tanks ~ shroud), bui mass and conslnmtion simllariiics  would
indicaic any dill’crcncc should bc ml m(wc than 20 %.

Liqaid nitrogen steady state performance

Al s[ctidy Sti]tc,  wilh liquid nitrogen in 011 three tanks, [hc pamsihc heat load (us
rncwxrrcd  by c~ogcn boil off mtc) to [hc upper helium, I(wcr  hcllum and ni[rogcn [anks
were 2.4 W, 2.8 W and 99 W, respcctiwiy.  This is Ivcll tvi[hin  an order (d’ mugniludc O(
[hc original cs[imalc,  itn(l is easily nwcfclcd by wljusting the Iol’t (la)crs/cm)  (f [IIC IVII.I.

2 TANK

/85)

Figure 6, SIcady  swlc  Pcdonnmwc 01 [hc SI”l’IJ w’ith  liquid r)itrogcn III all [hrcc  tatlks III Ixwmdwsis  art IIIC
ini[id Cslinmlc j &ra cnlulwcd Iwdcl valws.
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I ,iqukt helium cool dow

To cool [he test chamber below liquid ni[rogcrr  tcmlw~turcs,  any rmnaining  liquid
nitrogen is purged from bo[h liquid helium tmrks by over prcssuri~.ing the tanks w{h helium
giss. Liquid helium is [hen wrnsfcrrcd  into bo[h tanks simultaneously. Cool  down is
whicvcd  by flrs[ cooling the tank walls adequately [o il~c[)mlll~[e  liquid inside und fill k
ulnks, with [hc condrrc[ivcly ctx)lcd surfaces then quick])  relaxing 10 cqutlibrium. Coot
dwm [o s[cady stale kx~k aboul ?4 hours and required approximately 12(X) Iiicls o(’ liquid
helium when ll-anslcrring at an awriqy rate of 1 lilcr/n~inrrlc  into each tank. Allhough  the
model con-ccdy predicts [he total time required (’m [hc test (hirrnber to rcirch s[cady sla{c, it
dots not ccsrrcctly rnodcl [hc pl-ccipitcrus drop in tcmpcratulc  tha[ occurs Jvhcn liquid s[w[s
accumulatirrg  in lhc tanks,
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Figure 7 ‘1’cn}pm+tmes  within IIIC S’l”l’l: as a function  tim during  (lx! firsi liquid  helium cm] dm\II 1 he
tramler of liquid helium  hcgm at O hnurs.

Liquid helium steady state performance

At slcady sla[e, tvilh liquid helium in bo[h the uppm and lower helium tanks, and
liquid nitrogen in the nitrogen lank, the pw,asilic heat load (OS mcasuwl  by clyogcn boil off
m(c) to the upper helium, lower hcliurn and nitrogen [anks tvcrc 2.2 W, 9.7 W and 57 W,
rcspcctivel y. This is within tin order of magnitude of’ the original cstirna~c, and is easily
modeled by adjusting the loft (layers/crrl) of (hc h4LI.  The data cntamccd [hcrmal model
has sh(wn  lhal [he thcrrmrl profile and [hc diffcrcncc  in the fx)il off ra[cs in [hc upper und
Iowcr helium tanks arc consisten! with a faclor of 4 diffcrc]lcc in the thermal conducti~ity
of [hc links be[wccn the helium shroud and the upper and lower helium tanks rcspcc[iwly.
A minor nltxtilwi[ion  has been rnadc to [he upper [ank mounting, schcmc that should
provide over 36 hours O! c~ogcn Iifctimc in both helium [anks.  The [hcnnal model has
UISO  vcrilicd  lha[ [hc thermal prof]lc and heat loads arc corrsistcnt with radiati(m domina  (cd
heat loads. This ihcrrmd model indicates that owr 95%, 01 [hc hctr[ load t{.) the nitrogen
cooled surfaces and over 66% of [hc hcot load (o the helium c.{x)IccI sulfates arc mdia[ivc in
nature.


